Quantitative results from infrared laser absorption spectroscopy ͑IRLAS͒ of CF and CF 2 radicals and COF 2 products in inductively coupled plasmas fed with C 2 F 6 , CHF 3 and C 4 F 8 are presented and compared with results simultaneously obtained by mass spectrometry and optical emission spectroscopy. These plasma gas-phase analysis results are discussed and compared to fluorocarbon deposition and etching rates resulting from plasma-surface interactions at the substrate. It is found that COF 2 species are being formed ͑1͒ during O 2 plasma cleaning of a fluorocarbon contaminated reactor and ͑2͒ during SiO 2 etching in fluorocarbon plasmas, which in this work occurred at the quartz coupling window as a result of capacitive coupling between the induction coil and the plasma. IRLAS results on CF and CF 2 densities are compared to fluorocarbon deposition and etching rates and it is found that low CF and/ or CF 2 density does not necessarily translate into a low fluorocarbon deposition rate. A relatively high deposition rate can be achieved at conditions with a high ion current density and low CF and CF 2 densities.
I. INTRODUCTION
Selective SiO 2 etching using high-density fluorocarbon plasma is one of the key process steps in semiconductor device manufacturing. One of the most widely employed highdensity plasma sources for this process step is an inductively coupled plasma source. Process optimization through trial and error, however, has been found to be extremely challenging due to the complexity of the mechanisms involved in inductively coupled fluorocarbon plasma etching. Currently it is generally believed that the empirical process optimization methods need to be backed by fundamental understanding of the processes involved that are based on the application of complementary diagnostic techniques. The insight obtained from these studies should ultimately allow the development of predictive plasma etching models, which should reduce the time and cost required for process optimization. 1 In this article we summarize experimental results obtained in gas-phase studies of fluorocarbon plasmas that are typically used for selective SiO 2 etching. In particular, we report results obtained from plasma gas-phase studies using wavelength-modulated infrared laser absorption spectroscopy in the wavelength range from around 1230.45 to 1230.65 cm Ϫ1 , where CF and CF 2 radicals have known absorption lines. 2 In addition, COF 2 plasma etch products are found to have absorption lines in this wavelength range. The infrared laser absorption spectroscopy results were used to calculate the partial pressures of the various species throughout the parameter space investigated. These results are compared to results from other gas-phase diagnostics, such as mass spectrometry and optical emission spectroscopy. The infrared laser absorption spectroscopy results are also compared to fluorocarbon deposition and etching rates that result from plasma-surface interactions at the substrate.
II. EXPERIMENTAL SETUP

A. Inductively coupled plasma source
The inductively coupled plasma ͑ICP͒ reactor used here ͑see Fig. 1͒ was described by Schaepkens et al. earlier 3 Briefly, a planar coil, which is connected through a rf matching network to a rf power supply that outputs power in the range of 600-1400 W at 13.56 MHz, inductively generates a plasma through a 19 mm thick quartz coupling window. The matching network settings can be adjusted to systematically vary the ratio of power coupled to the plasma in an inductive fashion to the power coupled in a capacitive mode. 4 The total gas flow into the reactor is varied from 10 to 40 sccm and the operating pressure ranges from 6 to 20 mTorr. A wafer is clamped to an electrostatic wafer holder, which is cooled to 10°C. To ensure sufficient thermal contact, 5 Torr of He backside pressure is applied between the substrate holder and the wafer. The substrate holder is connected through a matching network to a variable frequency ͑0.4 MHz, 40 MHz͒ rf power supply ͑0-250 W͒, which allows rf biasing of the wafer independent of the plasma generation. In this work the biasing frequency was 3.4 MHz.
B. Diagnostics
Surface modifications and/or fluorocarbon deposition and etching rates on samples placed at the center of the electrostatic chuck can be monitored in real time using in situ a͒ Electronic mail: schaepke@crd.ge.com He-Ne ellipsometry. In addition, after processing samples can be transferred under vacuum to a surface analysis system for x-ray photoelectron spectroscopic surface analysis.
The results from plasma gas-phase studies presented in this work were obtained using an optical emission spectroscopy setup ͑EG&G PARC͒, a mass spectrometric plasma process monitor ͑Balzer's PPM 422͒, 5 a linear motion mass spectrometer for position resolved mass spectrometry, and an infrared laser absorption spectroscopy ͑IRLAS͒ setup. Since a significant amount of the work presented is obtained with the last gas-phase diagnostic, a detailed description of the method is appropriate at this point.
Infrared laser absorption spectroscopy
a. Setup. The infrared laser absorption spectroscopy setup used in this work is shown in Fig. 2 and is similar to systems described previously. [6] [7] [8] [9] [10] [11] [12] [13] [14] The infrared laser in this setup is a liquid nitrogen cooled lead-salt diode laser ͑Laser Photonics͒. Using a setup of various planar and elliptical mirrors that were positioned on an optical table and on the reactor, the infrared laser beam was double passed through the reactor and focused onto a fast photovoltaic HgCdTe liquid nitrogen cooled detector. The windows on the reactor through which the infrared laser beam was transmitted are made of barium fluoride (BaF 2 ͒, which are transparent in the wavelength range of interest. The windows are mounted 5°off axis to prevent multiple reflection effects ͑etalon͒. In order to align the optical setup, a helium-neon laser that was coaligned with the diode laser is used.
The wavelength at which the laser emits light is dependent on the temperature of and the current through the diode. The laser temperature is adjusted using a temperature controller ͑DRC-91CA, LakeShore͒. The laser current is regulated using a current controller ͑LDX-3525, ILX Lightwave͒, and is ramped at 50 Hz to sweep the laser emission over an approximately 0.2 cm Ϫ1 frequency/wavelength range. Wavelength calibration is performed by inserting a reference gas into the reactor. In this work, ammonia (NH 3 ) was used as a reference gas since it has absorption lines of known line strength at known wavelengths in the range of interest. 15 In order to increase the sensitivity of the infrared laser absorption spectroscopy method, a wavelength modulation approach is employed, i.e., the 50 Hz sweep signal that selects the emitted wavelength is modulated with a small 50 kHz sinusoidal wave. 16, 17 The signal detected was demodulated at the second harmonic by a lock-in amplifier ͑SR 830 DSP, Stanford Research Systems͒. The signal demodulated by the lockin is displayed on a storage oscilloscope that is interfaced to a computer that is used for data collection. The displayed signal resembles the second order derivative of the original absorption feature, as is schematically shown in Fig.  3 , and the intensity difference between the maximum and minimum in the second derivative feature is a measure for the absorption. The schematic view in Fig. 3 , however, only holds in the case in which the modulation amplitude is significantly smaller than the absorption feature linewidth. In the current case the modulation amplitude is larger than the linewidth and a different analysis approach is required, as is explained in the next section.
b. Methodology. The ͑second order harmonic͒ infrared absorption spectra obtained with the setup described above can be used to calculate absolute species densities. 6, 7 The calculation relies on a comparison of spectra measured to reference spectra during the actual process. The reference spectra in this work were obtained by feeding 40 sccm NH 3 into the reactor while keeping the total pressure in the reactor at 10 mTorr ͑note that there was no plasma generation during the reference spectra measurement͒.
The relationship from the second harmonic absorption spectra used to find the unknown ͑subscript CF x ͒ partial pressure pressure of the species of interest using the reference ͑subscript ref͒ pressure of NH 3 can be calculated to be given by
where ␥ the half width at half maximum of the direct absorption feature, a the amplitude of the 50 kHz modulation signal, I pp the second-harmonic wavelength-modulated peak-topeak amplitude, the parameter p represents the partial pressure of species of interest or reference species, and S the line strength of the species at specific transitions. The wavelength variation in the cross section, i.e., line broadening ␥, results under the current conditions mainly from Doppler effects. At this point, it is necessary to discuss determination of the Doppler widths. The Doppler width of an absorption feature is given by
where v is the wave number ͑cm Ϫ1 ͒, c is the speed of light, k is the Boltzmann constant, T is the gas temperature, and M is the mass of the molecule. The temperature of the molecule will have components which result from equilibration with the walls, from energy retained from the electron impact reaction, and from energy lost through gas-phase collisions. The data provided in this article were acquired under reactor wall temperatures that ranged from 420 to 570 K. 18 In addition, in a GEC cell we have measured molecular temperatures which lie between 400 and 460 K by directly measuring the Doppler widths of the direct absorption spectra while the reactor walls were near room temperature. For these calculations, we therefore choose a lower bound as the average between the low wall temperature and the low molecular temperature and an upper bound of the average between the upper molecular temperature and the upper wall temperature. This yields T lower ϭ410 and T upper ϭ515. An average of T ϭ462 K was then used to calculate the Doppler widths used for the calculations in this article, which gave an error of Ϯ0.000 09 cm Ϫ1 for CF and 0.000 06 cm Ϫ1 for CF 2 . The temperature uncertainty therefore resulted in an uncertainty in the pressure of approximately Ϯ6.5%. The values used for CF and CF 2 density calculations in this work, while using NH 3 as a reference gas, are summarized in Table I .
III. EXPERIMENTAL RESULTS AND DISCUSSION
During the initial IRLAS experiments in the reactor described above it was found that in the spectrum near 1230.50 cm Ϫ1 ͑where CF and CF 2 absorption lines are expected͒ additional absorption lines were present. These lines can be attributed to COF 2 species. Here in Sec. III, first the COF 2 detection results will be discussed in detail, and then CF and CF 2 detection will be discussed.
A. COF 2 partial pressure measurements
COF 2 detection during O 2 plasma cleaning
Oxygen reactor cleaning serves a dual purpose in the current reactor, namely ͑1͒ removal of fluorocarbon material deposited on the reactor wall and/or quartz window during previous experiments and ͑2͒ heating of the reactor walls to a stable temperature. During initial IRLAS experiments it was found that during O 2 plasma reactor cleaning a number of peaks appeared in the absorption spectrum at around 1230.50 cm
Ϫ1
. The intensity of these absorption peaks was found to scale with that of the reactor cleanliness, which was monitored using optical emission spectroscopy in the 250-800 nm wavelength range and quadrupole mass spectrometry of O ϩ and O 2 ϩ , see Fig. 4 . The absorption lines were initially suggested to be related to COF x species that were formed as a result of O 2 plasma interactions with the fluorocarbon contaminated reactor walls. Further, it was found in the literature that COF 2 species were known to have absorption lines in the wavelength range investigated. 15 To validate the suggestion of COF 2 being responsible for the absorption line, an experiment was performed in which a COF 2 reference gas was fed from a gas bottle into the reactor without running a plasma. It was found in this experiment that the same absorption lines as those Fig. 5͒ , thus establishing the production of COF 2 during reactor cleaning.
COF 2 partial pressure measurement during fluorocarbon plasma processing
Next to the COF 2 peaks that appeared in O 2 plasmas during reactor cleaning, COF 2 peaks were also detected during typical fluorocarbon plasma experiments ͑see Fig. 6͒ . Figure  6 shows IRLAS results obtained during an experiment that was performed to show the importance of reactor heating and a possible hysteresis effect during CHF 3 processing. The CHF 3 experiment was started in a reactor at room tempera- FIG. 4 . Optical emission spectra, mass spectra, and infrared laser absorption spectra in both a previously used and in an O 2 cleaned reactor. The dotted lines in the infrared laser absorption spectra are ammonia reference spectra obtained in a different experiment at 40 sccm NH 3 and 10 mTorr operating pressure without plasma. 3 discharges at 6 mTorr operating pressure. The experiment was started in a reactor at room temperature at 1400 W inductive power, at a network setting that resulted in a significant amount of capacitive coupling, and no rf bias applied to the Si substrate such that the net fluorocarbon deposition occurred on the wafer. ture at 1400 W inductive power, at a matching network setting that resulted in a significant amount of capacitive coupling, 4 at 40 sccm gas flow, 6 mTorr operating pressure, and no rf bias applied to the Si substrate such that net fluorocarbon deposition occurred on the wafer. Initially, strong COF 2 absorption lines are observed. Based on this result it is suggested that under these conditions, a significant amount of COF 2 is produced in etch reactions that occur at the quartz coupling window due to capacitive coupling effects, described in an earlier article by several of the authors. 4 The quartz window is the only possible source for oxygen in this experiment. In addition, at the wave numbers at which CF and CF 2 absorption lines are expected, no significant absorption is observed.
After the reactor was run for 500 s, which is a typical reactor wall warm up time at 1400 W, 18 an increase in the CF absorption can be observed whereas the COF 2 absorption decreases. The increase in CF is consistent with the idea that at elevated wall temperatures less fluorocarbon species are lost to the reactor wall. The reduction in COF 2 could be a result of ͑1͒ the increased deposition on the window or ͑2͒ a reduction in the partial pressure of COF 2 as a result of the increase in fluorocarbon species in the gas phase ͑note that the total pressure was kept constant at 6 mTorr͒. This is a typical residence time effect in which decreasing residence time decreases the concentration of species formed in the reactor, thus supporting the suggestion that COF 2 is a product that forms on the coupling window. Once the inductive power is reduced from 1400 to 600 W a significant decrease in COF 2 absorption is observed, whereas the CF and CF 2 absorption increases. The reduction in COF 2 indicates that less window erosion occurs or that even deposition on certain parts of the window may occur. The material deposited during the 600 W inductive power condition is subsequently etched off the quartz window, as is indicated by the large increase in CF absorption, once the inductive power is raised again to 1400 W. The CF absorption decreases again after the fluorocarbon material that was deposited at 600 W is removed from the window.
The above experiment clearly shows that COF 2 species are formed during etching of the quartz coupling window and are associated with inductively coupled fluorocarbon plasma processing. Further, it shows that the history of the reactor has a significant effect on infrared laser absorption spectra under the same process conditions, and possibly also on other processes in the reactor. Great care must therefore be taken and standard preconditioning routines are essential in obtaining infrared laser absorption spectroscopy and other gas-phase and surface data.
After the example experiment, a number of IRLAS measurements were performed in C 2 F 6 , CHF 3 , and C 4 F 8 discharges. To prevent the hysteresis effects that otherwise may occur, deposition on the quartz window took place during reactor pretreatment before the experiments where deposition on the window would take place. The COF 2 IRLAS intensities were converted into absolute densities in the previously described fashion. For the COF 2 density calculations, however, the COF 2 spectra obtained in the experiment in which the reactor was filled with COF 2 from the gas bottle were used as reference density, rather than NH 3 , which is used for CF and CF 2 density calculations.
Initially, infrared laser absorption spectroscopy was performed on C 2 F 6 plasmas operated at 10-40 sccm gas flows, 6 -20 mTorr operating pressures, and 600-1400 W inductive power at matching network settings that result in a significant amount of capacitive coupling. Due to the capacitive coupling and corresponding window erosion, a significant amount of COF 2 species was present in the C 2 F 6 plasmas under these conditions ͑see Fig. 7͒ . It can be observed in Fig.  7 that the COF 2 density increases as the C 2 F 6 flow is reduced from 40 to 10 sccm. This can be explained by the fact that in these experiments the pressure is kept at a constant value using an automatic throttle valve in the pumping line. If one assumes that the window erosion rate is not significantly dependent on the total gas flow, then the partial pressure of window erosion reaction products is going to increase as the C 2 F 6 feed gas flow is reduced.
Infrared laser absorption spectroscopy was also preformed on CHF 3 plasmas under the same conditions as those for the C 2 F 6 plasmas. Even though the degree of capacitive coupling, which is purely an electrical characteristic and not significantly dependent on the chemistry, is the same as in the C 2 F 6 case, one can expect reduced window erosion for CHF 3 . The threshold voltage for net etching is significantly higher in CHF 3 discharges than in C 2 F 6 ones, as measured by ellipsometry on blanket wafers positioned on the substrate holder. 3 It is likely that a similar trend holds for etching at the quartz window. At conditions where the self-bias voltage at the window is high enough to cause fast etching in C 2 F 6 , reduced etching or even deposition may still occur in CHF 3 . Indeed, Figure 8 shows that the COF 2 densities measured in CHF 3 plasmas are significantly lower than those in C 2 F 6 ones under corresponding conditions. However, similar to in the case of C 2 F 6 , Fig. 8 shows that the COF 2 density increases as the CHF 3 flow is reduced from 40 to 10 sccm, while the CF and CF 2 densities decrease. The explanation for the trends of COF 2 densities in C 2 F 6 plasmas can apparently also explain the trends in CHF 3 plasmas.
The trends in the COF 2 density measured by IRLAS are consistent with the trends observed in the chemical composition of the positive ion flux measured using the Balzer's PPM 422 plasma sampling mass spectrometer ͑i.e., no ionization occurred inside mass spectrometer, only ion focusing͒, as reported in earlier work. 4 In that work, the percentage of ions that were actually fluorocarbon ions, as opposed to ions related to window erosion products, such as CO ϩ , SiF 3 ϩ , etc., was calculated. Figure 9 shows that there is a good correlation between this percentage and the partial pressure of COF 2 expressed as a percentage of the total pressure in the reactor under corresponding conditions in both CHF 3 and C 2 F 6 discharges.
In addition to experiments conducted under conditions with a relatively large amount of capacitive coupling, other experiments were performed at different matching network settings, 4 where the capacitive coupling was reduced. Under the corresponding C 2 F 6 plasma conditions the COF 2 absorption was reduced with respect to the capacitive coupling setting ͑see Fig. 10͒ . Under the same process conditions as those for C 2 F 6 infrared laser absorption spectroscopy data were obtained in CHF 3 and C 4 F 8 discharges ͑see Figs. 11 and  12 , respectively͒. The fact that lower COF 2 densities are measured at the reduced capacitive coupling setting under otherwise similar plasma conditions indicates that the window erosion rate is reduced at these network settings.
B. CF and CF 2 partial pressure measurements
As mentioned in Sec. III A, initially, infrared laser absorption spectroscopy was performed on C 2 F 6 plasmas operated at 10-40 sccm gas flows, 6 -20 mTorr operating pressures, and 600-1400 W inductive power, at matching network settings that result in a significant amount of capacitive coupling which resulted in a significant amount of COF 2 species being present in the C 2 F 6 plasmas ͑see Fig. 7͒ . Due to the strong COF 2 absorption it was not possible to reliably deter- FIG. 7 . Results of partial pressure calculations based on infrared laser absorption spectroscopy in C 2 F 6 discharges, operated in the ranges of 10-40 sccm gas flow, 6 -20 mTorr operating pressure, and 600-1400 W inductive power, at a network setting that resulted in a significant amount of capacitive coupling.
FIG. 8.
Results of partial pressure calculations based on infrared laser absorption spectroscopy in CHF 3 discharges, operated in the ranges of 10-40 sccm gas flow, 6 -20 mTorr operating pressure, and 600-1400 W inductive power, at a network setting that resulted in a significant amount of capacitive coupling. mine CF and CF 2 densities under these conditions. The CF peak and the strongest CF 2 peak ͑see Fig. 6͒ , which are typically used for density calculations, significantly overlap the COF 2 absorption peaks. The less pronounced CF 2 peak does not overlap any COF 2 lines, but is too small to reliably resolve from the infrared laser absorption spectroscopy background signal, i.e., etalons due to multiple reflections in the setup.
In the infrared laser absorption spectroscopy experiments in CHF 3 plasmas under the same conditions as those for the C 2 F 6 plasmas with significant capacitive coupling, significantly less COF 2 was present. Due to the reduced COF 2 peak intensities, there were fewer complications with overlapping peaks, and it was possible to determine CF and CF 2 densities under the various conditions ͑see Fig. 8͒ . It can be observed in Fig. 8 that the CF and CF 2 densities strongly decrease and the COF 2 density increases as the flow is reduced from 40 to 10 sccm, which is consistent with the above explanation for increasing COF 2 density.
The CF and CF 2 radical densities determined by IRLAS in 1000 W CHF 3 plasmas were compared to results from appearance mass spectrometry. Appearance mass spectrometry was performed using the Balzers PPM 422 system, which is similar to the system used for the measurement of positive ions. In appearance mass spectrometric mode ionization occurred inside the mass spectrometer at ionization potentials that were adjusted between 10 and 30 eV. The mass spectra obtained under corresponding conditions with the plasma switched on and without plasma were compared and the mass spectrometric intensity in the ''plasma on'' case measured at ionization potentials below the species specific ''plasma off'' appearance potential was used as a measure for the density of various radicals. 19 The qualitative CF and CF 2 densities measured using the appearance mass spectrometric approach are compared to the quantitative densities measured using infrared laser absorption spectroscopy in Fig. 13 . Figure 13 shows that, although the densities measured by FIG. 9 . Correlation between the percentage of COF 2 in the plasma measured by infrared laser absorption spectroscopy and the percentage CF x ions in the positive ion flux measured by plasma sampling using Balzers plasma process monitor 422 in both C 2 F 6 and CHF 3 plasmas, at a network setting that resulted in a significant amount of capacitive coupling.
FIG. 10. Results of partial pressure calculations based on infrared laser absorption spectroscopy in C 2 F 6 discharges, operated in the ranges of 10-40 sccm gas flow, 6 -20 mTorr operating pressure, and 600-1400 W inductive power, at a network setting that resulted in reduced capacitive coupling.
IRLAS are line integrated intensities, whereas appearance mass spectrometry gives localized CF and CF 2 densities at the position of the mass spectrometer orifice, i.e., the plasma confining wall, a very good correlation among the different signals is found for these conditions.
Next to measurements under high capacitive coupling conditions IRLAS measurements were performed at a reduced capacitive coupling setting. At the reduced capacitive coupling setting it was possible to determine CF and CF 2 densities using infrared laser absorption spectroscopy in C 2 F 6 plasmas operated at 10-40 sccm gas flows, 6 -20 mTorr operating pressures, and 600-1400 W inductive power. The CF and CF 2 densities obtained for C 2 F 6 discharges are summarized in Fig. 10 . Under the same process conditions as those for C 2 F 6 infrared laser absorption spectroscopy data were obtained in CHF 3 and C 4 F 8 discharges ͑see Figs. 11 and 12 , respectively͒.
The most obvious difference between the different feed gas chemistries observed in Figs. 10-12 is that the CF and   FIG. 11 . Results of partial pressure calculations based on infrared laser absorption spectroscopy in CHF 3 discharges, operated in the ranges of 10-40 sccm gas flow, 6 -20 mTorr operating pressure, and 600-1400 W inductive power, at a network setting that resulted in reduced capacitive coupling.
FIG. 12.
Results of partial pressure calculations based on infrared laser absorption spectroscopy in C 4 F 8 discharges, operated in the ranges of 10-40 sccm gas flow, 6 -20 mTorr operating pressure, and 600-1400 W inductive power, at a network setting that resulted in reduced capacitive coupling. CF 2 densities under identical conditions are typically lowest in C 2 F 6 , intermediate in CHF 3 and highest in C 4 F 8 discharges. This trend is consistent with results from position resolved mass spectrometry. Figure 14 shows results from this position resolved mass spectrometry in 6 mTorr, 1400 W discharges fed with 40 sccm of C 2 F 6 , CHF 3 , or C 4 F 8 . The intensities plotted in Fig. 14 are mass spectroscopic CF, CF 2 , and CF 3 intensity profiles obtained at 16 eV ionization energy ͑i.e., below the appearance of the potential͒ integrated over the reactor radius. In this fashion, the mass spectrometric data yield the same type of line averaged radical densities as the infrared laser absorption spectroscopy method.
In addition, there is consistency among the different diagnostics in the reactor used: the results presented are also consistent with results obtained by Miyata et al. 14 in an electron cyclotron resonance ͑ECR͒ high-density plasma reactor fed with C 2 F 6 , CHF 3 and C 4 F 8 . Similar to the results presented above, Miyata et al. found that under typical process conditions the CF and CF 2 densities are lowest in C 2 F 6 discharges and highest in C 4 F 8 discharges. The average absolute densities of CF radicals are, in both Miyata et al.'s and the current experiments, under roughly similar process conditions in the various fluorocarbon plasmas in the range of 10 11 -10 12 cm Ϫ3 , while the average CF 2 radical density is found to be in the range of 10 12 -10 13 cm Ϫ3 .
C. Comparison of gas-phase and surface reactions
In order to evaluate how the above results from plasma gas-phase studies correlate to the processes occurring as a result of plasma-surface interactions, fluorocarbon deposition and etch rates were measured under corresponding conditions in C 2 F 6 , CHF 3 , and C 4 F 8 plasmas. Figure 15 shows the fluorocarbon deposition and etching rates as a function of rf bias power in discharges operated at 6 mTorr operating pressure, 40 sccm total gas flow, and 1400 W inductive power. The fluorocarbon etch rates were obtained by first depositing a 250 nm thick fluorocarbon film on a c-Si wafer under 0 W rf bias power conditions, and then switching the rf bias to a specific power level. Under the conditions at which the data in Fig. 15 are measured, a rf bias power of 250 W corresponds to a self-bias voltage of around Ϫ90 V with respect to ground. The plasma potential is under these conditions typically between positive 20 and 30 V with respect to ground. FIG. 13 . Correlations between ͑a͒ the CF and ͑b͒ the CF 2 densities, measured by infrared laser absorption spectroscopy ͑in mTorr͒ and measured by appearance mass spectrometry ͑in arbitrary units͒, in 1000 W CHF 3 plasmas, at a network setting that resulted in a significant amount of capacitive coupling.
FIG. 14. Line integrated appearance ͑16 eV ionization energy͒ mass spectrometric CF, CF 2 , and CF 3 intensities in C 2 F 6 , CHF 3 , and C 4 F 8 plasmas at 6 mTorr and 1400 W inductive power, at a setting with reduced capacitive coupling. Figure 15 shows that the 40 sccm C 4 F 8 discharge results in a higher deposition rate ͑i.e., a negative etch rate͒ than the 40 sccm C 2 F 6 and CHF 3 discharges at 1400 W inductive power and 6 mTorr operating pressure, while the fluorocarbon etch rate is lowest in CHF 3 . The fluorocarbon deposition mechanism is often thought to be due to both ion and neutral arrivals at the surface. [20] [21] [22] Since the ion current densities were found to be roughly the same for all gases under same conditions, one expects that the enhanced deposition is related to the increased CF and CF 2 ͑and even CF 3 as a result of mass spectrometry͒ densities in C 4 F 8 with respect to those of C 2 F 6 and CHF 3 . However, when comparing the fluorocarbon deposition rates under the various conditions in Fig. 16 to the CF and CF 2 densities in Figs. 10-12 , one finds that a low CF and/or CF 2 density does not necessarily translate into a low fluorocarbon deposition rate ͑see Fig. 17͒ . In fact, a relatively high deposition rate can be achieved under conditions with a high ion current density and low CF and CF 2 densities. This result indicates that ͑1͒ the ion flux to the surface is of overriding importance to the deposition and/or ͑2͒ that arrival of species that are different from those of CF and CF 2 play a more significant role in the fluorocarbon deposition mechanisms.
The fluorocarbon etching rates in Fig. 15 can be explained by the fact that the net etch rate of fluorocarbon material with roughly the same composition, as measured by x-ray photoelectron spectroscopy, is suppressed by enhanced deposition in the discharge, e.g., compare C 2 F 6 to C 4 F 8 . In addition, fluorocarbon material with less fluorine incorporated, e.g., due to the fluorine scavenging/abstraction effect of hydrogen, 23 will be etched slower under discharge conditions that result in the same fluorocarbon deposition rate; e.g., compare C 2 F 6 and CHF 3 . The above explanations also seem to a certain extent consistent with the data in Fig. 16 . A complete fluorocarbon etch mechanism, however, requires much more insight into the fluxes of the various species that one different from CF, CF 2 , and positive ions and additional work in this field is needed to provide the complete database needed to develop predictive fluorocarbon plasma processing models.
IV. SUMMARY AND CONCLUSIONS
Results obtained using various gas-phase diagnostics for inductively coupled plasma analysis were compared. In par- ticular, infrared laser absorption spectroscopy was performed over a wide parameter space in order to determine quantitative densities of specific neutral species under various conditions. The infrared laser absorption spectroscopy results were compared to those from regular mass spectrometry, and were found to be useful for fast measurement of a large variety of species, however, only in qualitative fashion. Plasma sampling allowed measurement of the chemical composition of positive ion fluxes towards surfaces. The results from infrared laser absorption spectroscopy, mass spectrometry, and plasma sampling are found to be consistent with each other.
It is concluded from IRLAS measurements during O 2 plasma cleaning of a fluorocarbon contaminated reactor that COF 2 species form during the cleaning process. The density of the COF 2 species measured by the IRLAS technique can be used as a measure of the reactor cleanliness. Further, infrared laser absorption spectroscopy plasma gas-phase analysis has shown that COF 2 is a product of SiO 2 etching in fluorocarbon plasmas. In this work the etching of SiO 2 occurred at the quartz coupling window as a result of capacitive coupling between the induction coil and the plasma. Further, it is concluded that the presence of COF 2 may complicate CF and CF 2 detection using infrared laser absorption spectroscopy in the wave number range used.
Infrared laser absorption spectroscopy results of CF, CF 2 , and COF 2 were obtained and gas-phase densities were calculated and presented. The infrared laser absorption spectroscopy results of CF and CF 2 densities were compared to fluorocarbon deposition and etching rates resulting from plasma-surface interactions at the substrate in inductively coupled plasmas fed with C 2 F 6 , CHF 3 , and C 4 F 8 . Based on the comparison it is concluded that a low CF and/or CF 2 density does not necessarily translate into a low fluorocarbon deposition rate, and that a relatively high deposition rate can be achieved under conditions where there is a high ion current density and low CF and CF 2 densities. Finally it is concluded that the CF and CF 2 density results presented can be of great use for testing and further development of inductively coupled fluorocarbon plasma reactor models. However, in order to formulate a complete fluorocarbon deposition and etch mechanism more comprehensive insight into the fluxes of species other than CF, CF 2 , and positive ions is required. 
FIG. 17.
Comparison of fluorocarbon deposition rates to the density of CF, the density of CF 2 , and the ion current density under various conditions in C 2 F 6 , CHF 3 , and C 4 F 8 .
